). An additional property show that the signaling mechanism of Arabidopsis of the Arabidopsis cryptochromes, as well as the phytocryptochrome is mediated through the C terminus. On chromes, is that they serve to entrain the circadian clock fusion with ␤-glucuronidase (GUS), both the Arabi-
To date, there is little information concerning the mode fusion protein in the transgenic lines not displaying a COP phenotype, we randomly selected six of these lines of action for cryptochromes. It seems almost certain that, as flavoproteins and by analogy with photolyases, and performed Western blots on extracts prepared from these seedlings. We found that four of these lines did cryptochromes likely mediate a light-dependent redox reaction. Here we report that, on fusion to GUS, the not express the CCT1 fusion protein at all-a Western blot performed on an extract of one of these lines C-terminal domain of either Arabidopsis CRY1 (CCT1) or CRY2 (CCT2) mediates a constitutive light response.
[CCT1(23) ] is shown in Figure 1E . For the other two lines, neither fusion protein nor endogenous CRY1 was We interpret this to mean that the C terminus is held in a repressed state in its native environment. This inactive expressed (results not shown), indicating that gene silencing has occurred in these lines. In keeping with this CCT is presumed to be activated by a light-driven redox reaction and must be present in the active form in the conclusion, when the latter two lines were grown in blue light, they showed a phenotype similar to cry1 mutants GUS-CCT fusion protein.
(data not shown). We examined many transgenic lines expressing GUS alone, none of which exhibited a COP Results phenotype. Taken together, the combined data demonstrated that expression of the GUS-CCT1 fusion protein Transgenic Arabidopsis Plants Expressing conferred a COP phenotype, and that the severity of a Fusion Protein Containing the CRY1 this phenotype correlated with the level of expression C Terminus Display a COP Phenotype of the transgene.
Our initial attempts to explore the properties of the C terminus of CRY1 (CCT1) were unsuccessful, as the polypeptide was unstable in transgenic Arabidopsis
Neither the C Terminus of Drosophila or Human CRYs nor the C Terminus from Arabidopsis plants. In an attempt to circumvent this problem, we expressed a fusion protein, with the expectation that phyA or phyB Is Able to Mediate a COP Phenotype this protein may show enhanced stability. With this aim in mind, we prepared a construct expressing a fusion Animal cryptochromes, like the Arabidopsis CRY1 protein, are also characterized by a C-terminal extension protein in which CCT1 was joined to GUS ( Figure 1A ), and we overexpressed this protein in wild-type Arabidistinct from the related photolyase sequences. In the case of Drosophila CRY for example, there is an extendopsis. We obtained 28 T 1 transgenic lines, 17 of which, when grown in the dark, displayed a striking constitutive sion of 34 amino acids that extends beyond the region of homology to the related Drosophila (6-4) photolyase photomorphogenic (COP) phenotype of fully opened and expanded cotyledons as well as short hypocotyls , and in the case of the human CRY2, this C-terminal extension is 91 amino acids (Hsu ( Figure 1B) .
We examined, by Western blot analysis, extracts from et al., 1996). Neither of these sequences is as large as commonly found for plant CRYs-for example, the the CCT1 lines showing a COP phenotype. The antibody used was prepared against CCT1 and, in the Western Arabidopsis CRY1 C-terminal extension is 192 amino acids (Ahmad and Cashmore, 1993)-nor does either blots, the signal for the GUS-CCT1 fusion polypeptide could be readily distinguished from the smaller and of these animal CRY C-terminal extensions show any significant homology to the plant CRY sequence. In orfaster migrating endogenous CRY1 polypeptide ( Figure  1D ). All the lines showing a COP phenotype, three of der to define the specificity of the COP phenotype that we had observed, we prepared constructs expressing which are shown in Figure 1D , expressed the GUS-CCT1 fusion protein at a level many fold higher than that ob-GUS fusion proteins containing the C terminus from the Drosophila CRY and human CRY2 ( Figure 1A ), and we served for the endogenous CRY1 protein. Figure 1E ).
When siblings of homozygous CCT1 lines that exhibArabidopsis CCT1 displaying this phenotype. A similar negative result was obtained on expressing a GUS fuited a COP phenotype were grown under blue light, these transgenic lines exhibited a phenotype similar to sion protein containing the full-length human CRY2 sequence ( Figure 1A) . that of CRY1 overexpressing lines ( Figure 1C) Figure 1C (the sample on the right in Figure  1E corresponds to the seedling on the left in Figure 1C "Dark" and the middle sample in Figure 1E corresponds to the seedling in the middle of Figure 1C "Dark").
domain. In the case of Arabidopsis phyA and phyB, the respective fusion proteins were obtained in Arabidopsis, as indicated by Western blots involving GUS-specific N-and C-terminal domains of the two molecules can be interchanged to generate hybrid phytochromes that antibody (results not shown). retain photochromicity and biological activity (Wagner et al., 1996) . Expression of the C terminus of Arabidopsis The C Terminus of Arabidopsis CRY2 also Confers a COP Phenotype phyA or phyB confers a dominant negative phenotype in transgenic Arabidopsis seedlings (Boylan et al., 1994) .
Whereas the C terminus of Arabidopsis CRY2 (CCT2), the second member of the Arabidopsis cryptochrome Also, the C termini of both Arabidopsis phyA and phyB have been studied as both GUS-and GFP-fusions in family, shares little sequence homology with that of CRY1, the two sequences are functionally related, as a nuclear localization studies (Sakamoto and Nagatani, 1996; Kircher et al., 1999). We entertained the possibility CRY1-CRY2 fusion protein resulting from interchange of the respective C termini is functionally active (Ahmad that the dark phenotype, that we have described here for CCT1, may have been overlooked in these earlier et al., 1998a). To explore whether CCT2 was able to mediate a COP phenotype, we prepared expression vecphytochrome studies, and hence we prepared constructs expressing GUS fused to the C terminus of either tors for GUS-CCT2 (Figure 2A) , and generated Arabidopsis plants expressing these constructs. Of the 32 phyA or phyB ( Figure 1A) . Neither of these GUS-PHY fusion proteins mediated a COP phenotype (results not independent transgenic lines we prepared, 17 displayed a COP phenotype. The percentage of transformants exshown). For both our studies concerning the animal CRY sequences, as well as those involving the PHY C-termipressing the COP phenotype was similar to that obtained for CCT1. Furthermore, the phenotype of the nal fragments, significant levels of expression of the CCT2 lines under blue, red, and far-red light was also domain of either CRY1 or CRY2 was capable of triggering a COP phenotype. We prepared vectors exsimilar to that observed for CCT1 (Figure 3) . However, none of the CCT2 phenotypes was as pronounced as pressing the corresponding GUS fusions ( Figure 2A ) and prepared many independent lines expressing these conthose we observed for many of the CCT1 lines. We selected seven independent GUS-CCT2 transformants structs. Whereas Western blot analysis, using antibody against GUS, demonstrated that the fusion proteins expressing a COP phenotype, and performed Western blot analysis on extracts using antibody prepared were expressed (data not shown), none of these lines showed a COP phenotype (results not shown). against CCT2. These analyses showed that all of the lines exhibiting a COP phenotype expressed a high level of the GUS-CCT2 fusion protein ( Figure 2B )-a picture Point Mutations within the CRY1 C Terminus Eliminated Its Ability to Confer a COP Phenotype of a dark-grown seedling of one of these transformants is shown in Figure 3 .
We have previously described more than 30 mutants of hy4/cry1 that show unusually long hypocotyls when We also investigated if the N-terminal photolyase-like Lacking Either CRY1, phyA, or phyB conditions that we examined, there was no discernible It was of interest for us to determine whether the COP difference between the wild-type seedling and the transphenotype mediated by CCT was dependent on either genic seedling expressing the mutant form of CCT1. cryptochrome or phytochrome. Accordingly, we generFrom these studies, we conclude that mutations within ated, by appropriate crosses followed by selection from CCT1 eliminate its capacity to confer a COP phenotype segregating F 2 populations, transgenic plants expressin a manner strikingly similar to the effect of these mutaing CCT1 in the cry1, phyA, phyB, and hy1 mutant backtions on the full-length CRY1 protein.
grounds. With respect to both cotyledon size and hypocotyl length, all of these mutants, other than the far-red light-grown CCT1 phyA double mutant, had a similar CCT1 Stimulates Plastid Development in the Dark Several of the det/cop mutants have been characterized phenotype to their transgenic parent when grown in dark, blue, red, or far-red light (Table 1 ). The far-red lightby their capacity to initiate chloroplast development in dark-grown seedlings, in a manner normally seen only grown CCT1 phyA double mutant had a taller hypocotyl than CCT1, but was considerably shorter than darkin the presence of light (Chory et al., 1989; Chory and Peto, 1990; Deng et al., 1991). In view of the similarity grown CCT1 phyA and had fully expanded cotyledons (in contrast to the phyA mutant), indicating a far-red of the phenotypes of these mutants and those we have described for the GUS-CCT seedlings, we examined light response mediated by something other than phyA. In order to demonstrate beyond any doubt the capacchloroplast development in the cotyledons using electron microscopy. As shown in Figure 4A , chloroplast ity to generate a CCT-mediated COP phenotype in these photoreceptor-deficient backgrounds, we also introdevelopment was indistinguishable for the light-grown CCT1 and wild-type seedlings. Similarly, the size of the duced the GUS-CCT1 transgene into each of the mutant backgrounds by direct transformation. We obtained the plastids within the cotyledons of dark-grown CCT1 seedlings was identical to those of the dark-grown wildsame high percentage of primary transformants (greater than 60%) displaying a COP phenotype in the photoretype cotyledons. However, the dark-grown CCT1 seedlings showed signs of chloroplast development, as ceptor-deficient mutant background (data not shown) as we had originally obtained on transformation of wildshown by both the lack of prolamellar bodies and the presence of parallel thylakoid membranes, similar in type plants. When grown under the different light conditions, these CCT1 transformants showed the same these respects to plastid development observed for several dark-grown det/cop mutants (Chory et al., 1989;  suppression of the long hypocotyl phenotype, normally associated with a deficiency in light signaling, as we Chory and Peto, 1990; Deng et al., 1991).
As well as affecting chloroplast development, the det/ observed for the double mutants described above. Fur- The hypersensitive light-mediated inhibition of hypocotyl elongation of the CCT1 seedlings is observed even significantly, mutant CCTs corresponding to alleles of cry1 that are attenuated in blue light signaling were in mutants lacking either phyA or phyB (Table 1) . This is remarkable in the case of the CCT1 phyA double totally ineffectual in conferring this response. These results clearly argue that the observations concerning the mutant, as phyA is clearly the predominant photoreceptor mediating this response under far-red light (Whitelam phenotype of the CCT transgenic plants are physiologically meaningful, and indicate that the mechanism and Devlin, 1998). However, a small but significant response of the phyA mutant to far-red light has been by which the Arabidopsis cryptochromes function is through derepression of the C terminus.
Transgenic seedlings expressing either GUS-CCT1, GUS-CCT2, or GUS, were grown in either dark or continuous white light for 5 days prior to histochemical analysis. The GUS-CCT2 fusion protein was localized to the nucleus under both growth conditions, as indicated by colocalization of GUS and DAPI staining. The GUS-CCT1 protein was also localized to the nucleus in the dark
reported by others (Fankhauser and Chory, 2000) . Significantly, anthocyanin production for the CCT1 phyA double mutant under far-red light, is not distinct from that CCTs Confer Hypersensitivity to Light observed in darkness (results not shown). These findThe CCT phenotype is markedly more pronounced in ings demonstrate that there is a photoreceptor, distinct light-grown seedlings than in the dark. That this is not from phyA (presumably one of the other phytochromes), simply an additive effect is illustrated by comparing anwhich can act synergistically with CCT1 in affecting hythocyanin production observed after growth in the dark pocotyl elongation, but not anthocyanin production, in with, for example, growth under red light. Here, there is response to far-red light. close to zero units of anthocyanin for the wild-type control in both dark and red light. However, for the CCT1 seedlings, whereas there is a substantial increase in
The CCT-Mediated COP Phenotype Is Observed in Photoreceptor-Deficient Mutants anthocyanin production in the dark sample, this amount is increased almost 5-fold in the light-grown sample In analyzing our initial findings, we first entertained the possibility that the CCT phenotype may reflect an inter-( Figure 4B ). As CCT1 itself presumably cannot mediate a light response-it lacks the flavin binding domain-the action between CCT and phytochrome. We envisaged a possibility whereby the constitutively active CCT molecule might interact with the inactive Pr form of phytochrome and induce a change to the active Pfr form. Such a reaction would result in a light-independent, but phytochrome-dependent, phenotype. Our demonstration that CCT1 is active in the phyA, phyB, and hy1 mutants appears to argue against this model. However, the hy1 mutant is not deficient in all phytochrome responses (Chory et al., 1989) , and hence the involvement of phytochromes, other than phyA or phyB, in the CCT response cannot be eliminated. In contrast to the above observations, we found that plants expressing the GUS-CCT1 transgene in the phyB mutant background flowered even earlier than the phyB mutant. That is, for these plants we did not observe the epistasis of phyB that was observed for the phyB cry2 double mutant. In molecular terms, the flowering phenotype mediated by CRY2 (as demonstrated in the cry2 mutant studies) shows a dependence on phyB. By con- There is another interesting point that is illuminated by the early flowering phenotype of plants expressing either the CCT1 or CCT2 transgene. As discussed, cry1 ent in the transgenic plants may be higher than obtained upon overexpression of the full-length CRY1. Alternaand, in particular, cry2 mutant plants have a well-characterized late-flowering phenotype. The early-flowering tively, these results may reflect a more subtle regulation, negatively impacting on the full-length CRY1 transgene phenotype of plants overexpressing either CCT1 or CCT2 is in keeping with this observation. By contrast, but not the GUS-CCT transgene. transgenic Arabidopsis plants overexpressing either CRY1 or CRY2, flower essentially like wild type. These Intracellular Location of CCT1 and CCT2 GUS-CCT1 was present in the nucleus in dark-grown observations argue that there must be a negative regulatory system negating the potential effect of CRY1 overArabidopsis seedlings but was found in the cytoplasm in light-grown seedlings. This light-induced change in expression on flowering, but not impacting on CCT1 overexpression. This effect could be acting simply at the intracellular location of the CCT1 fusion protein is strikingly similar to that described for COP1 (von Arnim the level of expression-the amount of GUS-CCT1 pres-and Deng, 1994). However, this light-induced change in function is achieved through a signaling event mediated through the C terminus. This conclusion follows from the location of CCT1 appears to be unrelated to its activity, as the CCT2 fusion protein, which confers a our findings concerning the activity of the GUS-CCT transgenes and is in keeping with our early observations phenotype which is essentially the same as that mediated by CCT1, is localized to the nucleus in both darkregarding mutant cry1 alleles containing lesions within the C terminus ( plast development in Arabidopsis. Proc. Natl. Acad. Sci. USA 87, 8776-8780. Images were collected using a Leica digital camera.
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